Twist1 overexpression is frequently observed in various cancers including gastric cancer (GC). Although DNA methylation of the Twist1 gene has been reported in cancer cells, the mechanisms underlying transcriptional activation remain uncertain. In this study, we first examined epigenetic alterations of the Twist1 using Twist1 transcription-positive and -negative cell lines that are derived from our established diffuse-type GC mouse model. Treatment with a DNA demethylation agent 5-aza-dC re-activated Twist1 expression in Twist1 expression-negative GC cells. According to methylation-specific PCR and bisulfite sequencing analysis, methylation at the CpG-rich region within Twist1 coding exon 1, rather than its promoter region, was tightly linked to transcriptional silencing of the Twist1 expression in mouse GC cells. Chromatin immunoprecipitation assays revealed that active histone mark H3K4me3 was enriched in Twist1 expression-positive cells, and inactive histone mark H3K9me3 was enriched in Twist1 expression-negative cells. The expression levels of Suv39h1 and Suv39h2, histone methyltransferases for H3K9me3, were inversely correlated with Twist1 expression, and knockdown of Suv39h1 or Suv39h2 induced Twist1 expression. Moreover, Sp1 transcription factor bound to the exon 1 CpG-rich region in Twist1 expression-positive cell lines, and Twist1 expression was diminished by mithramycin, which that interferes with Sp1 binding to CpG-rich regulatory sequences. Our studies suggested that the Twist1 transcription in GC cells might be regulated through potential cooperation of DNA methylation, histone modification in complex with Sp1 binding to CpG-rich regions within the exon 1 region.
Introduction
Twist1, acting as a basic helix-loop-helix transcription factor, directly binds to E-box elements (NCANNTGN) on specific target genes [1] . Twist1 is widely known to be essential for mesoderm formation during early embryonic development of drosophila and mouse [2, 3] . In human cancers, ectopic Twist1 expression is reported to be associated with malignant progression, invasion, epithelial-to-mechencymal transition, metastasis and stemness, indicating potential oncogenic functions of Twist1 [4] [5] [6] . Thus, it is very important to clarify the transcriptional regulatory mechanisms for Twist1 in cancer cells.
Epigenetic changes, such as DNA methylation and histone modification, are tightly linked to gene silencing [7] [8] [9] . Although epigenetic alterations at the CGI (CpG island) promoter region of tumor suppressor genes (TSGs) are well-known to be associated with their gene inactivation [10] , the mechanisms of epigenetic regulation of oncogenes are poorly understood. Several groups have shown that Twist1 was re-activated by treatment with a de-methylation drug, 5-aza-2'-deoxycitidine (5-aza-dC), in cancer cells [11, 12] . Aberrant DNA methylation at the CGI promoter in human Twist1 has been frequently detected in primary cancers including of gastric cancer (GC) [11] [12] [13] [14] . Nevertheless, there are a lot of findings that DNA methylation at the Twist1 promoter region is not correlated with expression of the gene in various cancers [12, 14] . While Twist1 methylation may be a useful biomarker to predict the clinical outcomes as to recurrence and survival in patients with cancers [12, 13, 15] , it remains controversial whether or not the Twist1 methylation at the promoter region leads to silencing of the gene.
Transcriptional regulation of genes is correlated with lysine (K) methylation patterns in the histone tail that consist of three different lysine methylation states (mono-, di-and tri-). Trimethylation of H3K4 (H3K4me3) is related to gene activation, and that of H3K9me3 and H3K27me3 to gene repression [7] [8] [9] . Although these three histone H3-methyaltion patterns are linked to CGI methylation as well, the transcriptional regulatory mechanisms for Twist1 underlying histone modification are poorly understood in cancer cells.
GC is the second most frequent cause of death from cancer in the world [16] . GC is classified into two main histological types; diffuse and intestinal, which are two distinct carcinogenic pathways [17] . Diffuse-type gastric cancer (DGC) is known to show frequent invasion and metastasis, resulting in a poor prognosis [18] . Loss of E-cadherin and p53 has been reported in diffuse-type gastric carcinogenesis [19] [20] [21] . Several reports demonstrated frequent overexpression of Twist1 in human DGCs [22, 23] .
We previously engineered a double conditional knockout (DCKO) mouse line as to E-cadherin and p53, which are specifically inactivated in the stomach [19] . All the DCKO mice developed fatal DGCs within a year, the phenotypes being high invasiveness and frequent metastasis to lymph nodes. It is noteworthy that the gene expression patterns of DGCs in the DCKO mice detected on microarray analysis were very similar to those of human primary DGCs other than intestinal ones. Thus, our DCKO mouse model is a powerful tool for investigating the role of gene function in DGC carcinogenesis and for developing a therapeutic strategy. In this study, we established Twist1 expression-positive and -negative DGC cell lines that are derived from the DCKO mice. As a consequence of analysis of the epigenetic alterations, the common regulatory mechanism of Twist1 was elucidated, and evaluated in both murine and human DGCs in this study.
Materials and Methods

Ethics Statement
Cell cultures and tissue samples [19] . From its the cancerous tissues, we established five mouse DGC cell lines and named them MDGCs (Shimada S, unpublished observation). MDGC-1 and MDGC-3 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing high glucose supplemented with 10% fetal bovine serum, and MDGC-7, MDGC-8 and MDGC-9 were cultured in Ham's F12 supplemented with 5% horse serum. DNA analysis was performed in order to detect the truncated Cdh1 and Trp53 alleles (S1 Fig) . Eight human GC cell lines (KATO-III, GCIY, AGS, MKN7, MKN45, MKN74, NUGC4 and HSC60) were also used in this study. MKN7, MKN45, MKN74, GCIY and KATO-III were purchased from RIKEN cell bank (Tsukuba, Japan). NUGC4 and AGS cells were obtained from the Human Science Research Resources Bank (Osaka, Japan) and ATCC (American Type Cell Collection). HSC60 cells were obtained from Dr. Kazuyoshi Yanagihara (National Cancer Research Center, Tokyo, Japan) [24] . KATO-III, MKN7, MKN45, MKN74, NUGC4, AGS and HSC60 cells were cultured in RPMI 1640, and GCIY was cultured in Dulbecco's modified Eagle's medium, both of which were supplemented with 10% fetal bovine serum. For de-methylation studies, murine and human GC cells were treated daily with 500nM 5-aza-deoxycytidine (5-aza-dC, Sigma; #A3656) for 72 hours. We treated these GC cells with 100nM trichostatin A (TSA, Wako; #200-11993) for 24 hours or 100nM mithramycin A (Wako; #132-17101) for 24 hours.
Eighteen primary GC tissues and corresponding non-cancerous gastric mucosae were obtained from 15 DCKO mice. As for human stomach tissues, we used three non-cancerous gastric mucosae from GC patients. We also obtained five normal gastric mucosae from Atp4b-Cre − ; Cdh1 loxP/loxP ; Trp53 loxP/loxP mice that were used as negative controls in our previous study [19] . In this study, we called "normal gastric mucosae" if specimens were obtained from control mice, and "non-cancerous gastric mucosae" if specimens were obtained from DCKO mice and human GC patients in this study.
Reverse transcription (RT)-PCR and quantitative RT-PCR (qRT-PCR)
Total RNA was isolated with an RNeasy Mini kit (Qiagen; #74134) and cDNA was prepared from RNA using a SuperScript III kit (Invitrogen; #18080044) according to the manufacturer's protocols. End-point RT-PCR carried out with multiple cycle numbers, 28-35 cycles. As an internal control, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified with 21 cycles to ensure cDNA quality and quantity for each RT-PCR. The amplified products were loaded to 2% agarose gels or quantified by quantitative RT-PCR using LightCycler DNA Master SYBR Green I (Roche Diagnostics; #04707516001). The amplification programs for PCR were repeated for 40 cycles for Gapdh and 45cycles for other genes except for Gapdh. PCR products were cloned into the pMD20 T-vector by using a Mighty TA-cloning Kit (TaKaRa BIO INC; #6028), and then sequenced directly. The primer sequences and PCR product sizes are shown in S1 Table.
Methylation Analysis
We extracted genomic DNA from murine and human GC cell lines by the phenol-chloroform method, and then carried out bisulfite modification and the MSP procedure. Bisulfite treatment of DNA was performed with EZ DNA Methylation-Gold (ZYMO RESEARCH; #D5006), and then methylation-specific PCR (MSP) was conducted. Briefly, the PCR reaction was performed for 35 cycles in a 25 μl mixture comprising bisulfite-modified DNA, 2.5μl of 10x PCR buffer, 1.25 μl of 25mM dNTPs, 25 pmol/l of each primer and 1 U of JumpStart RedTaq polymerase (Sigma; #D0563). The conditions for PCR were as follows: 95°C for 5 minutes; 35 cycles of 95°C for 1minutes, 53°C for 2minutes, and 72°C for 1.5minutes; and a final extension at 72°C for 5 minutes. As for mouse GC tissues, DNA was extracted from formalin-fixed paraffin-embedded (FFPE) tissues. Bisulfite DNA was amplified with flanking PCR primers and then nested MSP was conducted [25, 26] . The primer sequences and PCR product sizes are shown in S2 Table. Chromatin immunoprecipitation (ChIP) assay
The ChIP assay was performed using a ChIP-IT Express kit (Active Motif; #53008) according to the manufacturer's protocol. Immunoprecipitated DNA enrichment was normalized as to the input. The antibodies used in this study were anti-histone H3K4me3 (Active Motif; #39915), anti-H3K9me3 (Active Motif; #39765), anti-H3K27me3 (Active Motif; #39155), antiH3K36me2 (abcam; #ab9049), anti-Sp1 (abcam; #ab13370), and anti-Histone H3 (Active Motif; #39163) antibodies. Normal rabbit IgG (Cell Signaling Technology; #2729s) was used as a negative control for ChIP. The primer sequences and PCR product sizes are shown in S2 Table. Knockdown analysis using small interfering RNAs siRNA-based knockdown of Suv39h1 and Suv39h2 was performed using an electroporation (Neon transfection system, Invitrogen) according to the manufacturer's instructions. MDGC cells were transfected with 50nM siRNA of Suv39h1 (SASI_Hs02_00335192, Sigma), Suv39h2 (SASI_Hs01_00101226), or negative control siRNA (Mission siRNA Universal Negative Control, Sigma). After 48 hours culturing, cells were harvested for RT-PCR, Western blot analyses, migration, invasion, and proliferation assay.
Western Blot Analysis
GC cells were lysed with Pierce RIPA buffer (Thermo Scientific; #89900). Proteins were separated on SDS-polyacrylamide gels and then transferred to polyvinylidene fluoride (PVDF) membranes, followed by incubation with antibodies dissolved in Tris-buffered saline (TBS) containing 2% skim milk and 10% Tween 20. The primary antibodies used in this study were mouse monoclonal anti-Twist1 (1:100, Santa Cruz Bio-technology; #sc-81417), rabbit polyclonal anti-Sp1 (1:200, Active Motif; #39058), and mouse monoclonal anti-α-tubulin (1:200, Santa Cruz; #sc-8035) antibodies. The secondary antibodies were alkaline phosphatase-conjugated anti-rabbit IgG (1:3000, Bio-Rad Laboratories; #1706518) and anti-mouse IgG (1:3000, Bio-Rad Laboratories; #1706520). Blots were developed with ImmunoStar AP Substrate (BioRad Laboratories; #1705018).
Immunohistochemistry
FFPE sections (4 μM) were deparaffinized in xylene, rehydrated in graded ethanol solutions and then Antigen retrieval was conducted in 10 mM citric acid buffer by microwaving. Immunohistochemistry was performed using anti-Twist1 antibodies (Santa Cruz, 1:20) as described previously [19] . Expression of Twist1 was defined as positive nuclear staining in more than 10% of the cells, and the intensity was scored as-(negative), + (weak) and ++ (moderate to strong) by three investigators independently.
Results
Twist1 expression in murine and human GC cell lines
From DGC tissues of DCKO mice, Twist1 transcription-positive cell lines (MDGC-7, MDGC-8 and MDGC-9) and negative cell lines (MDGC-1 and MDGC-3) were established ( Fig 1A and S2A Fig) , and the expression of Twist1 protein was confirmed in each cell line (Fig 1B) . Twist1 expression was enhanced at the mRNA and protein levels in Twist1 expression-negative MDGC cells after treatment with DNA demethylation agent 5-aza-dC (Fig 1C and 1D ), while its expression was not changed after treatment with histone deacetylase inhibitor TSA (S2B up-regulation of Twist1 was detected in MKN45 and MKN7, respectively, by qRT-PCR, whereas Twist1 expression was not changed in MDGC-9 cells (Fig 1F) .
CGI methylation and expression of Twist1 in GC cell lines
Twist1 has a dense CGI region from the promoter to the entire exon 1, this region being highly conserved among vertebrates including mouse and human (S3 Fig). To clarify the CGI in mouse and human Twist1, we performed computational analysis using UCSC Genome Browser (http://genome.ucsc.edu/index.html) and MethPrimer (http://www.urogene.org/ methprimer/) that is widely used as identification of CGI and MSP primers [27] . We analyzed approximately 1.4 kb region including the promoter and entire exon 1. UCSC Genome Browser on mouse and human analysis exhibited one CGI in the region examined (data not shown). However, putative two CGI sites were detected in the region in both mouse and human when we used the criteria of CGI with GC content of 50% and observed/expected CpG ratio of 0.8 by MethPrimer (Fig 2A and 2C ). These two putative CGI regions were located at the promoter and exon 1. Since the methylation at the promoter region has been reported in various human cancers [12, 14] , we initially examined the methylation status at the region in murine and human GC cell lines by MSP. However, the methylation status at the promoter region of Twist1 did not correspond to its expression in any GC cell lines examined (region P1, Fig 2A) . To determine the critically methylated regions associated with Twist1 expression in MDGC cells, we further performed MSP at the CGI region in exon 1 (E1-1, E1-2 and E1-3), and the predicted CpG shore site located approximately 1.6 kb from TSS (transcript start site, S1) (Fig 2A) . As a result, CGI methylation at the region (E1-1 and E1-2) around the TSS in Twist1 exon 1 was found to correspond to expression of the gene in MDGC cells, though there was no correlation between them at the predicted shore region (S1) and the end of the exon 1 region (E1-3) (Fig 2B, left) in MDGC cells. No methylation was detected at any CpG regions in three normal gastric mucosae without Twist1 expression from Atp4b-Cre -; Cdh1 loxP/loxP ; Trp53 loxP/loxP mice (Fig 2B) . In human gastric mucosae, no Twist1 methylation was also found in three non-cancerous gastric mucosae from GC patients (Fig 2D) , one of which showed very weak Twist1 expression (data not shown). We also examined additional four non-cancerous gastric mucosae from GC patients, while no methylation was detected at E1-2 region in any cases (data not shown). Bisulfite sequencing (BS) demonstrated that the CGI region in exon 1 showed dense methylation in Twist1 expression-negative MDGC-3 cells but not in Twist1-positive MDGC-9 cells (BS-c, Fig 2A and 2B, right) , while there was no difference in the methylation patterns between them at the CpG shore and promoter regions (BS-a and BS-b, S4A Fig) . Among the human GC cell lines, KATO-III and GCIY without Twist1 expression showed dense CGI methylation at the region of exon 1 (E1-2) which is consistent with ones of mouse Twist1 (Fig 2C and 2D, left) . Both methylation and unmethylation in the E1-2 region were detected in MKN7 and MKN45 cells by MSP and bisulfite sequencing (Fig 2D) , which are basally expressed Twist1 but their expression levels were increased after 5-aza-dC treatment (Fig 1F) . Thus, our data indicate that methylation in the exon 1 region of Twist1 detected in this study is correlated to its expression.
Twist1 methylation and expression in DCKO mouse GC tissue samples
We examined the methylation status of Twist1 using 18 primary GC tissues from 15 DCKO mice. Because GC regions were very small and their DNA from FFPE samples showed low concentrations, we performed nested MSP [25, 26] . Twist1 was significantly methylated (9/18, 50%) in primary GCs compared to corresponding non-cancerous tissues (1/10, 10%), being statistically significant difference (P<0.05, Table 1 ). Representative data by MSP are shown in (Table 1) . In this study, Twist1 methylation-positive cases demonstrated unmethylated MSP bands as well, which due to the presence of normal stromal/fibroblast and inflammatory cells in cancer tissue sections, although we could not deny the possibility of partial methylation like MKN45 and MKN7 and tumor heterogeneity.
Twist1 protein expression was detected in 7 of 18 (38.9%) GCs compared to corresponding non-cancerous gastric mucosae by immunohistochemistry. Representative pictures are shown in Fig 3B. We further analyzed the relationship between Twist1 expression and methylation levels in these cases. Among the 18 primary GC examined, nine cases showed correlation between Twist1 methylation and expression (Fig 3C) . Three of four cases with Twist1 weak expression exhibited its methylation, possibly that low expression of Twist1 may be caused by its methylation. However, remaining five cases exhibited no methylation and expression (Table 1) .
Histone methylation is related to the regulation of Twist1 expression
We next investigated whether or not the lysine methylation level of histone H3 contributes to Twist1 expression. Chromatin immunoprecipitation (ChIP) assays were performed on the predicted CpG shore (CP1.3k), promoter (CP1), and exons 1 (CE1-1 and CE1-2) and 2 (CE2) regions (Fig 2A) . At the CP1 and CE1-2 regions, active histone mark H3K4me3 was enriched in Twist1 expression-positive cells (MDGC-7 and MDGC-9), but inactive histone mark H3K9me3 was enriched in Twist1 expression-negative cells (MDGC-1 and MDGC-3) (Fig 4A  and 4B ). ChIP assays exhibited both H3K4me3 and H3K9me3 signals in MDGC-1 and MDGC-3 cells with 5-aza-dC treatment, indicating the elevated H3K4me3 levels in these cells (Fig 4C) . On the contrary, the H3K27me3 and H3K36me2 levels were not correlated with Twist1 expression in any MDGC cells examined in this study. As for human GC cell lines, a similar region located from the promoter to exon 1 showed H3K4me3 enrichment in Twist1 expression-positive MKN45 cells, and H3K9me3 in Twist1 expression-negative KATO-III cells (Figs 2C and 4D) . 2) Gastric mucosa from DCKO mice bearing GCs 3) GC confined to the mucosa or submucosa 4) GC invades the muscularis propria, subserosa or serosa
5) The intensity of nuclear staining was scored as + (weak), and ++ (moderate to strong) in more than 10% of the tumor cells. Suv39h1 and Suv39h2, a histone methyltransferase, regulates H3K9me3
There are a lot of histone methyltransferases associated with H3K4, H3K9 and H3K27 [28] . Therefore, to determine which histone modification enzymes are responsible for the H3K4me3 or H3K9me3 enrichment at the Twist1 exon 1 region in GC cells, we examined ten H3K4me3 (Mll1, Mll2, Mll3, Mll4, Setd1a, Setd1b, Ash1, Ash1l, Smyd3 and Meisetz), seven H3K9me3 (Suv39h1, Suv39h2, G9a, Setdb1, Clld8, Glp and Riz1), and one H3K27me3 (Ezh2) related genes. Representative data are shown in Fig 5A. Among them, the expression levels of Suv39h1 and Suv39h2 were inversely correlated with Twist1 expression. However, the expression levels of remaining 16 histone methylatasferase genes examined were not associated with Twist1 expression in MDGC cells. We performed siRNA-based knockdown of Suv39h1 or Suv39h2 in the respective expression-positive MDGC-1 and MDGC-3 cells by electroporation (Fig 5B) . Knockdown of Suv39h1 or Suv39h2 in these cell lines led to an increase of Twist1 expression observable on RT-PCR ( Fig 5B) and qRT-PCR (MDGC-1, Fig 5C) . (Fig 4B) , the H3K4me3 and H3K9me3 levels were enriched in MKN45 and KATO-III cells, respectively. The average (column) ± S.D (bar) for three independent agarose gel electrophorese in different experiments is indicated (**P<0.01).
doi:10.1371/journal.pone.0145630.g004
Regulation of Twist1 in Gastric Cancer
Association of Sp1 with the transcriptional regulation of Twist1
The consensus 5'-(G/T)GGGCGG(G/A)(G/A)(C/T)-3' sequence is known as the binding motif of Sp1 transcription factor, and a relationship between CGI methylation and Sp1 binding in the promoter has been reported [29, 30] . Multiple Sp1 binding sites were predicted in the CpGrich region within Twist1 exon 1 with TFBIND (http://tfbind.hgc.jp) and JASPAR (http:// jaspar.binf.ku.dk). The role of Sp1 in the transcription of Twist1 was then examined with reference to epigenetic modification of the gene. We detected expression of Sp1 mRNA and protein in all murine and human GC cells examined, even in Twist1 expression-negative MDGC-1, MDGC-3, KATOIII and GCIY cells (Fig 6A) . To determine whether or not Sp1 binds to the regions of the Twist1 promoter and exon 1 in GC cells, we performed ChIP assay of Sp1 using MDGC cells (Fig 2A) . Sp1 bound to the regions of the Twist1 promoter (CP1) and exon 1 (CE1-2) in Twist1 expression-positive cell lines (MDGC-7 and MDGC-9) (Fig 6B) . In contrast, Twist1 expression-negative cell lines (MDGC-1 and MDGC-3) showed undetectable levels of Sp1 binding signals at the CP1 and Regulation of Twist1 in Gastric Cancer CE1-2 regions. Sp1 did not bind to any regions of the predicted CpG shore (CP1.3k) and exon 2 (CE2) regions in these Twist1 expression-positive and -negative MDGC cells. Demethylation with 5-aza-dC increased Sp1 binding at the Twist1 promoter and exon 1 regions in the Twist1 expression-negative MDGC-1 and MDGC-3 cells (Fig 6B) . Mithramycin A is known to interfere with Sp1 binding to CpG-rich regulatory sequences [31, 32] . It was noted that Twist1 expression was down-regulated after treatment with mithramycin A in its expression-positive GC cells (MDGC-7, MDGC-9, MKN7 and MKN45 cells) (Fig 6C and S6 Fig) . Mithramycin A did not show any effect on Sp1 expression in these cells (data not shown). Up-regulation of Twist1 by 5-aza-dC was decreased by mithramycin A treatment in MDGC-3 cells (P = 0.04, Fig 6D) .
Discussion
The mechanisms underlying epigenetic regulation of oncogene are poorly understood. The relationship between methylation status at the Twist1 promoter regions and expression of Twist1 is controversial, and there are almost none of reports on altered histone modification in Twist1 expression. Thus, it remains uncertain whether or not epigenetic changes are related to Twist1 activation in cancer cells. As new findings in this study, we elucidated the Twist1 regulatory mechanism underlying fundamental epigenetic machinery that DNA methylation, histone modification and Sp1 act in concert with Twist1 expression in GC cells.
It is widely known that DNA methylation at the CGI promoter region is critical for gene silencing, and aberrant CGI methylation results in loss of expression of various TSGs [10] . Twist1 was re-activated in both murine and human GC cells with 5-aza-dC treatment in this study, indicating that transcriptional activation of Twist1 is also modulated by DNA methylation. CGI methylation of the Twist1 promoter region has been found in various cancers such as gastric, breast, colorectal and lung ones [11, 12, 14] , most of which showed no correlation between Twist1 methylation and expression. We observed that CGI methylation in Twist1 exon 1 other than in the promoter region corresponded to its gene expression in mouse GC cells. As for human GC cell lines, Twist1 expression-negative cell lines were fully methylated, but its expression-positive cell lines exhibited both methylation and unmethylation of Twist1, all of which up-regulated Twist1 expression after 5-aza-dC treatment (Fig 1F) . These data indicate that MKN45 and MKN7 cells showed partially methylation of Twist1, and half levels of Twist1 expression were basally detected in these cells, which were expressed from unmethylated DNA allele. Recent reports indicated that CpG shore methylation is related to gene expression [7, 33] . However, the methylation status at the predicted CpG shore site region was not correlated with Twist1 expression. Our data indicate that Twist1 is epigenetically silenced by DNA methylation in murine and human GC cell lines.
According to the computational analysis of mouse and human CGIs from the promoter to entire coding region in the Twist1 gene, two putative CGI regions were located at the promoter and exon 1 by MethPrimer analysis. Here we observed that CGI methylation at the exon 1, rather than its promoter region, was correlated with Twist1 expression in GC cells. Such distinct methylation patterns associated with gene silencing have been reported in several genes [26, 34, 35] . For example, SOX2 and AP2α exhibited putative two CGIs at the promoter and exon 1, and methylation at the exon 1 region has shown to be significantly correlated to its gene expression in GCs and breast cancers [34, 35] . It was reported that CGI methylation around the translational start site in the retinoic acid receptor beta (RAR-ß) gene dramatically corresponded to its expression in murine lung cancers compared to methylation at the promoter region located in same CGI [26] . Thus, our data suggest that CGI methylation at the exon 1 region in Twist1 is important to its gene silencing in GC cells. However, it is unknown the mechanism of this discrepant methylation between the promoter and exon 1 regions. Several transcription factor binding sites, such as Sp1 elements, and histone modification have been reported to protect CGI methylation [36, 37] . It is important to examine these elements and epigenetic machinery in the CGI regions of Twist1 further.
In primary GCs from DCKO mice, 50% of GCs exhibited Twist1 methylation by nested MSP. Our DCKO mice show parietal cell-related atypical foci in stomach, and intramucosal DGCs composed of poorly differentiated cells and signet ring cells often detected at 6 months. Therefore, we have previously proposed that our DGCs in DCKO mice developed through the parietal cell lineage [19] . Twist1 was methylated in 40% of intramucosal cancers, while the frequency of methylation in non-cancerous gastric mucosae including atypical foci was rare (10%), indicating that Twist1 methylation is an early event in DGC carcinogenesis in our mouse model. Among the 18 primary GCs examined, five cases were both Twist1 methylationand expression-negative. Because non-cancerous gastric mucosae showed undetectable levels of Twist1 expression and methylation, these GCs may not link to Twist1 alterations. Except these cases, it is possible that Twist1 methylation is associated with loss or low expression in primary GCs from DCKO mice.
In addition to DNA methylation, histone modification is also a pivotal key for the control of gene expression. We found that H3K4me3 was enriched in Twist1 expression-positive cells (MDGC-7, MDGC-9 and MKN45), but H3K9me3 was enriched in Twist1 expression-negative cells (MDGC-1, MDGC-3 and KATO-III) at the region from the promoter to exon 1 of the Twist1 gene. Our findings are consistent with the previous observation that active transcription is involved in H3K4me2/3, and inactive transcription is associated with H3K9me2/3 [38] . In spite of the fact that H3K36me2 promoted by MMSET/WHSC1 has been linked to TWIST1 expression, no correlation between H3K36me2 and Twist1-expression was observed in our study [39] . Thus, our data indicate that histone marks of H3K4 and H3K9 are implicated in regulation of Twist1 in GCs.
There are many histone methyltransferases that are specific for the lysine residues in histone proteins; Mll1/2/3/4, Setd1a and Ash1l for H3K4me3, Suv39h1/h2, G9a and Setdb1 for H3K9me3, and Ezh2 for H3K27me3 [28] . In this study, we observed that the expression levels of Suv39h1 and Suv39h2 were inversely correlated with Twist1 expression, and knockdown of either Suv39h1 or Suv39h2 increased Twist1 expression. Overexpression of SUV39h1 and SUV39H2 has been reported in various cancers [40, 41] . These reports also showed that undetectable or low expression levels of these two genes in normal tissues and corresponding noncancerous tissues. Similarly, no or low expression levels of Suv39h1 and Suv39h2 were observed in normal gastric mucosae from GCs from Atp4b-Cre − ; Cdh1 loxP/loxP ; Trp53 loxP/loxP mice in our study (S5 Fig), suggesting that MDGC-1 and MDGC-3 without Twist1 expression may be related to acquisition of these two genes regulation. Suv39h1 and Suv39h2 have been reported to be associated with gene regulation by repressing H3K9me3 and stability of heterochromatin [42] [43] [44] [45] . Chromatin is structurally divided into euchromatin and heterochromatin, which are responsible for gene silencing in collaboration with DNA methylation and histone modification [7, 8, 38] . Histone H3K4me3 and H3K9me3 are highly enriched in euchromatin and heterochromatin [7, 8] , respectively. Our data suggested that the region from promoter to exon 1 in Twist1 expression-negative cell lines was in the heterochromatin state by Suv39h1 and Suv39h2. In Twist1 expression-positive cell lines, on the other hand, the region was expected to be in the euchromatin state through H3K4me3 enrichment and CGI unmethylation. It might be worthy of evaluation in further studies to identify the H3K4me3-related genes. In general, Sp1 binds to the consensus GC-box DNA recognition elements and CCT repeats at the gene promoter region [46, 47] . It was recently reported that Sp1/KLF1 binding to the elements in exon 1 with a CpG-rich sequence is a critical event in transcriptional regulation of TMSG1 (tumor metastasis suppressor gene-1) and PAX6 (paired box protein-6) [48, 49] . We also found that Sp1 bound to Twist1 exon 1 in Twist1 expression-positive GC cells but not in negative ones. This CGI region in exon 1 of the Twist1 gene is evolutionarily conserved in vertebrates and contains several Sp1 binding motifs ( S3 Fig). Hence, Sp1 binding to the CGI in Twist1 exon 1 may play a role in its transcriptional regulation. It is known that Sp1 binding is inhibited by CGI methylation of its binding sequences in several genes, such as FOXF2 and p21 [29, 50] . We observed that CGI methylation in exon 1 of the Twist1 gene was inversely correlated with Sp1 binding, and the administration with 5-aza-dC enhanced the Sp1 binding capacity in both of the promoter and exon 1 regions in Twist1 expression-negative GC cells. These data further support that Sp1 binding may be greatly affected by DNA methylation.
The molecular mechanism underlying oncogenic activation through epigenetic alterations is uncertain. In our study, Twist1 was unmethylated, and Suv39h1 and Suv39h2 expression were undetectable or very low in normal gastric mucosae. Nevertheless, normal gastric mucosae did not show any Twist1 expression, leading us that additional mechanisms, such as transcription factors, may be necessary to up-regulation of Twist1 in gastric carcinogenesis. Sp1 is overexpressed in various cancers including GC, but not in normal tissues [51, 52] . Sp1 was expressed in all MDGC and human GC cell lines, but Sp1 bound the umnethylated alleles of Twist1 in this study. Therefore, it is tempting to speculate that both Sp1 overexpression and its binding to unmethylated Twist1 might play a part in carcinogenesis. In MDGC cells, it is possible that unmethylated CGI of exon 1 may loosen the chromatin structure of the region from its exon1 to promoter through H3K4me3. Sp1 may bind to the region, resulting in upregulation of Twist1 expression. On the contrary, CGI methylation and the subsequent condensed chromatin state through H3K9me3 at the region may interfere with the binding of the Sp1, resulting in inhibition of Twist1 expression (Fig 6E) .
In summary, we found that DNA and histone methylation at the CpG-rich region in Twist1 exon 1 is strongly correlated with expression of the gene. We also revealed the possibility of transcriptional regulatory mechanisms via cooperation with epigenetic machinery and Sp1 binding in GCs, which is common in murine and human GC cells. Further studies are required to reveal the clinical impact of the complex regulation of Twist1 expression in tumorigenesis.
Supporting Information DNA was amplified by PCR using primer, shown in S1 Table. DGC tumors from DCKO mice were transplanted to nude mice. Genomic DNA extracted from the transplanted DGC and DCKO mouse tails was used as positive controls for the truncated and not-truncated alleles of these two genes, respectively. Atp4b-Cre was used as an internal control. Homology searches of the region of promoter and exon 1 in Twist1 among seven species of vertebrates were performed with T-coffee, a Multiple Sequence Alignment Server (http://tcoffee.vital-it.ch/apps/tcoffee/index.html). A dense CGI from the promoter to entire exon 1 was found with the mouse and human UCSC Genome Browser (http://genome. ucsc.edu/), as shown in Fig 2A and 2C . The alignments are gradually colored as green (low), yellow (mild), light pink (moderate), and dark pink (high) according to the consistency scores with T-coffee. Black horizontal lines indicate Sp1 binging motifs predicted with TFBIND (http://tfbind.hgc.jp) and JASPAR (http://jaspar.binf.ku.dk). Blue arrowheads at the promoter indicate nearly the same MSP region in human Twist1, as previously reported [14, 15] . Black and red arrowheads indicate the regions examined by BS and MSP in mouse Twist1, respectively. Blue arrows indicate the regions examined by ChIP assay. The genomic DNA sequences of the seven species used in this study are aligned as follows: human (Genbank accession number NC_018918), monkey (Macaca nemestrina, XM_011731108), mouse (NM_011658), rat (NC_005105. Table. Primer sequences for PCR used in this study.
S2 Table. Primer sequences for MSP, BS-Seq, ChIP of Twist1 used in this study.
